To study the role ofActinobaciUus pkeuropneumoniae-RTX-toxin Ill (ApxlII) 
The B and D genes encode proteins that are involved in the secretion of the toxin. At the amino acid sequence level, ApxIA and ApxIIA of serotype 9 share 37% identical amino acids. Despite this low amino acid identity, ApxI and ApxII do share several properties. ApxI and ApxII have similar biological activities; both toxins lyse erythrocytes and kill porcine lung macrophages (16a) and require Ca2" for these activities (33) . Furthermore, ApxI and ApxII seem to be immunologically related, since at least one monoclonal antibody (MAb) cross-reacts with the two proteins (16a), although a specific polyclonal antiserum for ApxII has also been reported (10) . ApxIII is the least well-characterized cytolysin ofA. pleuropneumoniae. ApxIII differs from ApxI and ApxII in several aspects. Immunologically, ApxIII seems to be unrelated to ApxI and ApxII. An antiserum raised against a serotype 3 mutant that solely secretes ApxIII does not cross-react with ApxII (26) . In addition, MAbs raised against ApxI or ApxII do not cross-react with ApxIII, and an MAb raised against ApxIII does not crossreact with ApxI or ApxII (16a). ApxIII also differs from ApxI and ApxII in its biological activity. ApxIII kills porcine lung macrophages but does not lyse porcine erythrocytes, while ApxI and ApxII affect both cell types (33) .
Nothing is known yet about the molecular structure and mode of action of ApxIII. To gain insight into these matters, we have cloned and characterized the genetic determinant that encodes ApxIII of the reference strain of serotype 8.
MATERIALS AND METHODS
Bacterial strains, genomic DNA, and DNA manipulations. We used reference strain 405 of A. pleuropneumoniae serotype 8 as a source of genomic DNA. E. coli JM101 and LE392 were used as hosts for cloning vectors pUEX2 (4) and 948 JANSEN ET AL. pGEM7Zf(+) (Promega Corp., Madison, Wis.). Manipulations of DNA and isolation of high-molecular-weight DNA by proteinase K-sodium dodecyl sulfate (SDS) lysis, phenolchloroform extractions, and ethanol precipitation were done as described by Sambrook et al. (28) .
Construction and screening of a DNA library. We made a DNA library of A. pleuropneumoniae serotype 8 in expression vector pUEX2 by cloning genomic DNA that had been partially digested with Sau3AI to an average size of 1,000 bp. We optimized the size of the library by preventing circularization of the SalI-digested vector and the Sau3AI fragments. Therefore, the SalI ends of the vector were partially filled in with dTTP and dCTP and the Sau3AI ends of the genomic fragments were partially filled in with dATP and dGTP by use of the Klenow fragment of DNA polymerase I (34) . We transformed E. coli LE392 by electroporation with a Gene pulser (Bio-Rad, Richmond, Calif.). The recombinant clones were grown overnight at 300C to prevent expression of the fusion proteins, replica plated onto nitrocellulose filters, and incubated for 2 h at 42°C, allowing expression of the fusion proteins (4). The bacteria were lysed by transferring the filters to paper that had been soaked in 5% SDS Expression and analysis of recombinant proteins. Recombinant proteins were produced in E. coli LE392 harboring pGEM7Zf(+) as a carrier of the recombinant genes. For secretion studies, we cotransformed these E. coli cells with pLG575, a plasmid that contained the hlyB and hlyD genes of E. coli (11) . Transformants were grown in Luria-Bertani medium containing 50 ,ug of ampicillin per ml and/or 25 p,g of chloramphenicol per ml and supplemented with 10% fetal calf serum to stabilize the cytolytic activity of ApxIII. The cultures were inoculated from an overnight culture and grown for 4 h at 37°C to an optical density at 600 nm of 0.3 to 0.4. During growth of the cultures, we added fresh antibiotics every 2 hours, since we noticed that the bacteria lost the plasmids when the antibiotic pressure dropped.
To concentrate the proteins of the culture supernatant, we precipitated the proteins with 3 volumes of acetone and redissolved the pellet in 0.1 volume of SDS sample buffer (28) . Bacterial cells were lysed in SDS sample buffer after one freeze-thaw step. We separated the proteins on an SDS-polyacrylamide gel (4% stacking gel and 7% separating gel) and transferred the proteins to GeneScreen membranes by electroblotting. Immunoreactive proteins were visualized as described above. We measured the cytotoxic activity of culture supernatants towards porcine lung macrophages and the hemolytic activity towards sheep erythrocytes as described by Kamp and van Leengoed (17) . In short, serial twofold dilutions were made of the supernatants and incubated with fresh porcine lung macrophages or sheep erythrocytes. The hemolysin and cytolysin titers were expressed as the reciprocal of the highest dilution showing at least 50% hemolysis of erythrocytes or 50% killing of macrophages.
PCR and construction of deletion clones. We constructed deletion clones by use of polymerase chain reaction (PCR)-amplified DNA. The PCR was essentially done as described previously (16) . Plasmid DNA (10 ng) was used as a template, and the PCR was run for only 15 cycles to prevent the excessive accumulation of PCR-induced nucleotide sequence mistakes in the amplified DNA. The PCR primers that we used were the T7 promoter primer (Promega) and an oligonucleotide with the nucleotide sequence 5' CTATAT AATTAACGGTTCTT 3' (positions -42 to -23; Fig. 1B ). The amplified DNA was purified from an agarose gel with Prep-a-Gene (Bio-Rad) and used for the construction of pApxIIICA-42 and pApxIIICA+142 from parent plasmid pApxIIICA (Fig. 1B) . For To determine the nucleotide sequence of the clone 3 insert, we excised the insert from plasmid pUEX2 with the restriction enzymes PstI and BamHI and subcloned it into the NsiI and BamHI sites of vector pGEM7Zf(+). We compared the nucleotide sequence with sequences in the GenBank-EMBL DNA sequence data base and found that 170 nucleotides at the 3' end resembled a part of the RTX Hly operon of E. coli (6) . The Because MAb CVI-Apcly-2.2 recognized the 3-galactosidase fusion protein of clone 3, we concluded that the epitope for this MAb was located within the distal 83 amino acids of the postulated apxIIL4 gene product. The nucleotide sequence of the clone 3 insert is included in Fig. 2 1B) .
We transformed E. coli LE392 with pApxIIICA and analyzed the proteins present in the culture medium and the lysate of these cells by immunoblotting with MAb CVIApcly-2.2 (Fig. 3) (Fig. 1A) . We found two intact open reading frames; the first, from nucleotide positions 1 to 519, was designated apxIIIC, and the second, from nucleotide positions 526 to 3681, was designated apxIIL4. A third open reading frame, designated AapxIIIB, started at position 3753 but had no termination codon within the sequenced area. Figure 2 shows the nucleotide sequence, and a schematic presentation of the genes is given in Fig. 1A coli LE392(pApxIIICA, pLG575) and E. coli LE392(pApx IIICA-42, pLG575) were cytotoxic for porcine lung macrophages, while the ApxIII protein produced by E. coli LE392(pApxIIICA+ 142, pLG575) was not cytotoxic for porcine lung macrophages. We concluded that the ApxIIIA protein secreted by E. coli LE392(pApxIIICA+ 142, pLG575) was not activated and hence that the translation of the apxIIIC gene was initiated from the ATG codon at position 1. We constructed pApxIIICA-42 and pApxIII CA+142 by using PCR-amplified DNA (see Materials and Methods). Since PCR may introduce errors in the DNA, we analyzed three independent clones for each construct. Within each group, no differences were found in the amounts and cytotoxic activities of the ApxIII proteins.
Comparison of ApxIII with other RTX toxins. We compared the amino acid sequences of ApxIIIC and ApxIIIA with those of the corresponding proteins of the RTX Hly operon of E. coli and the RTX ApxI and ApxII operons ofA. pleuropneumoniae serotype 9. The amino acid sequence alignments, based on amino acid identity and allowing for a minimal addition of gaps, revealed that ApxIIIC showed 53% identity to HlyC, 50% identity to ApxIC, and 52% identity to ApxIIC. ApxIIIA showed 50% identity to HlyA, 50% identity to ApxIA, and 41% identity to ApxIIA. Despite the low percentages of identity of the primary amino acid sequences of these proteins, they showed almost identical hydropathy patterns. The hydropathy pattern of ApxIIIA is presented in Fig. 4A . In this pattern, most prominent are three hydrophobic domains, designated I, II, and III. These domains are believed to be involved in pore formation by the cytotoxins (21, 22, 24) . The most conserved amino acid sequences of the HlyA, ApxIA, ApxIIA, and ApxIIIA proteins were located in this hydrophobic region. A sequence alignment of this region of HlyA, ApxIA, ApxIIA, and ApxIIIA is presented in Fig. 4B . Also shown are the positions of two peptides, pepl (LSTSAAAAGL) and pep2 (IASVVTLA) of plasmid-encoded HlyA of E. coli, that were demonstrated to have pore-forming properties (24) .
We found 13 glycine-rich repeats near the carboxy terminus of ApxIIIA with the consensus sequence L/I-X-G-G-X-G-NID-D-X (31). The positions of the glycine-rich repeats are indicated in the ApxIIIA sequence in Fig. 2 . The repeat clusters of ApxIIIA, ApxIA, and HlyA were similar in structure and consisted of 13 repeats, which were interrupted between repeats 9 and 10 by 12 amino acids (HlyA) or 10 amino acids (ApxIIIA and ApxIA). The repeat cluster of ApxIIA differed from the others; it consisted of eight repeats, which were not interrupted (5, 30) . Repeats 6, 7, 9, and 10 of ApxIIIA, ApxIA, and HlyA fully matched the consensus sequence L/I-X-G-G-X-G-N/D-D-X. The other repeats contained one or more amino acids in at least one of the proteins that did not match those in the consensus sequence. Figure 5 shows (19, 20) . On the basis of their biological activities and immunological properties, we expected that ApxI and ApxII would be more related to each other than to ApxIII. Perhaps some functional domains and epitopes of ApxI and ApxII are more conserved than the overall amino acid sequences of these proteins.
We found three hydrophobic domains and a cluster of glycine-rich repeats in the amino acid sequence of ApxIIIA. These features are found in all RTX toxins and indicate that these proteins act through the same mechanism. The hydrophobic domains are thought to be involved in the formation of pores in target cell membranes. It was demonstrated that deletions in this region of E. coli HlyA completely abolished its pore-forming ability in an artificial bilayer (21, 22) . Furthermore, two peptides, pepl and pep2, derived from the hydrophobic domains of plasmid-encoded HlyA of E. coli, formed pores in an artificial bilayer, and antibodies raised against pepl completely inhibited the lytic activity of HlyA (24) . pepl and pep2 are located in highly conserved regions of chromosomally encoded HlyA, ApxIA, ApxIIA, and ApxIIIA.
The structures of the glycine-rich repeat clusters are similar in ApxIA, ApxIIIA, and HlyA, suggesting a similar function for the repeat clusters of these three RTX toxins. For HlyA, it was demonstrated that the repeat cluster is involved in the binding of Ca2 , which is required for binding of the protein to erythrocyte membranes (2, 3, 7, 21 (19) . The effect of Ca2+ on the activity of leukotoxin towards a leukemia cell line seems to be adverse: Ca2+ protects these cells against leukotoxin activity rather than stimulating leukotoxin activity (13) .
The organization of the ApxIII operon is similar to that of other RTX toxin operons. We recently cloned the remaining part of the apxIIIB gene and the major part of the apxIIID gene of the serotype 8 reference strain (14 (27) . They showed that a serotype 2 mutant that only secreted ApxIII still was able to VOL. 61, 1993 on November 6, 2017 by guest http://iai.asm.org/ Downloaded from invade the host and cause disease, but the pigs were less severely affected. Now that we can produce biologically active ApxI and ApxII (30) and ApxIII (this work) separately in E. coli, free from other A. pleuropneumoniae components, the role of each of the Apx toxins in the pathogenesis of porcine pleuropneumonia may be resolved.
